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Neuropeptide Y Gates a Stress-Induced, Long-Lasting
Plasticity in the Sympathetic Nervous System

Qian Wang,">* Manqi Wang,>** and Matthew D. Whim'2
'Department of Biology, Pennsylvania State University, State College, Pennsylvania 16802, and 2Department of Cell Biology and Anatomy and
3Neuroscience Center of Excellence, Louisiana State University Health Sciences Center, New Orleans, Louisiana 70112

Acute stress evokes the fight-or-flight reflex, which via release of the catecholamine hormones affects the function of every major organ.
Although the reflex is transient, it has lasting consequences that produce an exaggerated response when stress is reexperienced. How this
change is encoded is not known. We investigated whether the reflex affects the adrenal component of the sympathetic nervous system, a
major branch of the stress response. Mice were briefly exposed to the cold-water forced swim test (FST) which evoked an increase in
circulating catecholamines. Although this hormonal response was transient, the FST led to a long-lasting increase in the catecholamine
secretory capacity measured amperometrically from chromaffin cells and in the expression of tyrosine hydroxylase. A variety of ap-
proaches indicate that these changes are regulated postsynaptically by neuropeptide Y (NPY), an adrenal cotransmitter. Using immuno-
histochemistry, RT-PCR, and NPY(GFP) BAC mice, we find that NPY is synthesized by all chromaffin cells. Stress failed to increase
secretory capacity in NPY knock-out mice. Genetic or pharmacological interference with NPY and Y, (butnot Y, or Y ) receptor signaling
attenuated the stress-induced change in tyrosine hydroxylase expression. These results indicate that, under basal conditions, adrenal
signaling is tonically inhibited by NPY, but stress overrides this autocrine negative feedback loop. Because acute stress leads to a lasting
increase in secretory capacity in vivo but does not alter sympathetic tone, these postsynaptic changes appear to be an adaptive response.

We conclude that the sympathetic limb of the stress response exhibits an activity-dependent form of long-lasting plasticity.

Introduction

Exposure to stress triggers a coordinated response involving two
adrenal-dependent pathways: (1) the hypothalamic—pituitary—
adrenal (HPA) axis and (2) the sympathetic-adrenal system (Sa-
polsky et al., 2000; Kvetnansky et al., 2009). HPA activation
evokes cortisol secretion from the adrenal cortex, whereas in-
creased activity in the sympathetic—adrenal system provokes
elevated catecholamine release (primarily epinephrine) from
chromaftfin cells in the adrenal medulla. This hormone is a key
component of the fight-or-flight response, altering blood pres-
sure and circulating glucose levels (Cherrington et al., 1984;
Mathar et al., 2010).

The systemic response to an acute stressor is usually transient.
For example, severe hypoglycemia leads to increased release of
epinephrine and cortisol (Watts and Donovan, 2010), and circu-
lating levels of both hormones subsequently decline (Widmaier,
1989; Ritter et al., 2006). However, a transient stress can have
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lasting consequences. The fight-or-flight response is often de-
scribed as a reflex, but the underlying circuits are plastic and can
be modified by previous activity (Gordon and Bains, 2006). Stress
can sensitize the HPA axis and increase the response to a repeated
challenge (Figueiredo et al., 2003). How these changes are en-
coded is not fully understood, but multiple signaling pathways
appear to be involved. Early life stress tonically increases cortico-
sterone secretion and epigenetically regulates vasopressin gene
expression (Murgatroyd et al., 2009). Immobilization and pred-
ator stress, which change HPA activity, induce presynaptic plas-
ticity at the glutamatergic synaptic input that impinges on
hypothalamic neurons in this pathway (Kuzmiski et al., 2010).

Stress also appears to produce a lasting change in the sympa-
thetic—adrenal limb of the stress response (Konarska et al., 1989).
Repeated hemorrhage, immobilization, and intermittent hyp-
oxia can potentiate catecholamine release (Kvetnansky and Mi-
kulaj, 1970; Lilly et al., 1986; Kuri et al., 2007; Souvannakitti et al.,
2009), and multiple stressors, including restraint, cold, glucopri-
vation, exercise, and social stress (Chuang and Costa, 1974;
Mormede et al., 1990; Nankova et al., 1994; Vietor et al., 1996;
Levenson and Moore, 1998) alter the adrenal expression or activ-
ity of tyrosine hydroxylase (TH). However, within the sympa-
thetic nervous system, the cellular mechanisms that encode the
lasting effects of a transient exposure to stress are less clear.

To investigate this issue, we briefly exposed mice to a stressor
and then 1 d later analyzed the secretory capacity of the sympa-
thetic nervous system. In these experiments, we used an in vivo
paradigm, the cold-water forced swim test (EST). This mixed
stressor (Kvetnansky et al., 2009) induces synaptic plasticity in
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the CNS (Saal et al., 2003; Campioni et al., 2009). Using this
approach, we find that a local peptidergic signaling pathway ton-
ically suppresses adrenal catecholamine release but that acute
stress overrides this negative feedback loop and leads to an in-
crease in adrenal secretory capacity that lasts far longer than the
initiating stimulus. This novel activity-dependent change in ad-
renal functioning appears to be an adaptive postsynaptic mecha-
nism that selectively boosts sympathetic capacity while avoiding
the pathological changes that are associated with tonic changes in
circulating catecholamines (Jacobs et al., 1997). Thus, both the
sympathetic and HPA limbs of the stress response exhibit plastic-
ity, but different cellular mechanisms are involved.

Materials and Methods

Animals and stress paradigm. C57BL/6] wild-type mice, neuropeptide Y
(NPY) knock-out mice (129S—pr"“1RP“/I; (Erickson et al., 1996), and
NPY(GFP) mice [Npy—hrGFP; (van den Pol et al., 2009)] were pur-
chased from The Jackson Laboratory. Male mice were used in the major-
ity of experiments (female animals were used in some of the experimental
groups shown in Fig. 6 B, C). Mice (usually P21-P23) were individually
housed for 3-5 d and then either exposed to the cold-water FST or left
undisturbed. Experimental animals were placed in cold (4-5°C) water
for 5-6 min (cold-water FST) as described previously (Saal et al., 2003;
Campioni et al., 2009). After recovery under an infrared heat lamp for
15-25 min, the animals were returned to their home cage. Experimental
and control animals were killed by decapitation, 1 d or 1 week later, as
noted in the text. Littermates were used in all experiments and were
matched for sex and weight. Experimental protocols were performed in
parallel for each littermate in each individual experiment. In the text,
littermates used in each experiment are described as “matched,” and the
data points from these paired animals are connected by lines in each
figure.

Electrophysiology. One day after the FST, paired control and experi-
mental animals were killed, and adrenal chromaffin cells were isolated as
described previously (Whim and Moss, 2001) with minor modifications.
In brief, each medulla was isolated from cortex and digested for 15 min in
saline (in mm: 138 NaCl, 5.3 KCl, 0.44 KH,PO,, 4 NaHCO,, 0.3
Na,HPO,, 20 HEPES, and 5.5 glucose, pH 7.25, with NaOH) containing
1 mg/ml collagenase type IA and 6 mg/ml BSA at 37°C. Tissue chunks
were then incubated for 30 min in saline containing 1 mg/ml trypsin and
6 mg/ml BSA at 37°C, after which the tissue was mechanically dispersed
using a fire-polished Pasteur pipette, and cells were plated in culture
medium (DMEM/10% FCS) on culture dishes coated with poly-p-lysine.
Each animal typically generated ~8336 * 1535 chromaffin cells
(mean = SEM, n = 3), and recordings were made within 20 h after
isolation. Cells were superfused with extracellular solution (in mm: 135
NaCl, 3 KCl, 2 CaCl,, 1 MgCl,, 10 HEPES, and 11 glucose, pH 7.3, with
NaOH) at 32-34°C. Amperometric and voltage-clamp recordings were
made from chromaffin cells (5-9 pF) as described previously (Whim and
Moss, 2001; Whim, 2006). Amperometric recordings used carbon fiber
electrodes that were insulated using Sylgard and mounted on the head
stage of a Multiclamp 700A amplifier (Molecular Devices). Electrodes
were held at +700 mV, and fouling was minimized by repetitively switch-
ing the holding potential between 700 and —700 mV for ~2 min after
each recording. Sensitivity was determined for each electrode by measur-
ing the change in holding current evoked by the bath application of 50
uM norepinephrine. Control experiments indicated that the mean am-
plitude of secretory events did not covary with electrode sensitivity (R* =
0.0161, n = 113). Catecholamine secretion was evoked from single cells
using two methods. In the first method, focal application of 100 um
nicotine from a patch pipette placed close to the recorded cell was used.
Each application was controlled using a Picospritzer (10 s application
repeated 10 times with a 50 s inter-application interval). In the second
method, cells were voltage clamped in the whole-cell configuration, and
secretion was evoked by a 5 Hz train of 200 depolarizing steps (each from
—80 to 0 mV for 20 ms). In these experiments, the patch pipette solution
contained the following (in mm): 120 Cs acetate, 15 CsCl, 5 NaCl, 10
HEPES, 4 MgATP, 0.3 NaGTP, and 1 cAMP, pH 7.2, with CsOH. Am-

Wang, Wang et al. ® Stress and Long-Term Autonomic Plasticity

perometric and membrane currents were sampled at 5 kHz and filtered at
2 kHz. Amperometric events were analyzed using pClamp 9 (Molecular
Devices) using the threshold search method, and stimulation artifacts
were removed by subtraction of a blank trace. Only events >10 pA with
a rapid rising phase were selected. All electrophysiological studies were
performed blind with respect to the experimental treatment until the
analysis was complete.

Immunohistochemistry. Adrenal glands were dissected free of fat, then
fixed in 4% paraformaldehyde in PBS overnight at room temperature,
and processed as described previously (Wang and Whim, 2013). The
glands were washed with PBS, snap frozen in 2-methylbutane on dry ice,
embedded in cryomatrix medium, and kept at —80°C until use. Frozen
sections (30 wm) were washed with PBS, refixed with 4% paraformalde-
hyde for 20 min, and then permeabilized in 0.3% Triton X-100 in PBS for
15 min. Sections were subsequently incubated in 3% H,O, for 45-60
min to quench endogenous peroxidase activity and then transferred to
blocking reagent (in Tris-buffered saline; PerkinElmer Life and Analyti-
cal Sciences) for 30 min. Sections were incubated in primary antibody
[rabbit anti-NPY (1:10,000; T-4070; Peninsula Labs); sheep anti-TH (1:
100; AB1542; Millipore); rabbit anti-TH (1:100; AB152; Millipore); and
rabbit anti-c-Fos (1:1000; PC38; Calbiochem)] at 4°C overnight. Sec-
tions were washed with PBS containing 0.05% Tween 20 and incubated
with a secondary antibody conjugated to peroxidase (1:500 donkey anti-
rabbit or donkey anti-sheep; Jackson ImmunoResearch) for 30 min at
room temperature, washed with PBS containing 0.05% Tween 20, incu-
bated in tyramide signal amplification (TSA)-FITC or TSA-Cy3
(PerkinElmer Life and Analytical Sciences) for 10 min, washed with PBS
containing 0.05% Tween 20, rinsed with distilled water, and finally
mounted in Vectashield.

In vitro cell culture and immunocytochemistry. Chromaffin cell cultures
were prepared from P24 P26 mice. Cells were fixed 2 h after plating and
then stained primarily as described previously (Whim, 2006). Pri-
mary antibodies included those noted above (rabbit anti-NPY,
1:40,000; sheep anti-TH, 1:200; rabbit anti-TH, 1:200) plus guinea
pig anti-phenylethanolamine N-methyltransferase (PNMT) (1:100;
EUD7001; Acris). Secondary antibodies included donkey anti-rabbit Al-
exa Fluor 488 (1:200; Invitrogen), donkey anti-sheep Dylight 549, don-
key anti-rabbit Dylight 549, and donkey anti-guinea pig DyLight 549 (all
1:100; Jackson ImmunoResearch).

Image analysis. Images were obtained using a Nikon TE2000U micro-
scope, 10X and 60X oil-immersion (1.4 numerical aperture) objectives,
and a Retiga 1300 monochrome camera. Image-Pro Plus 5.1 (Media
Cybernetics), Origin Pro7, Excel, and Minitab 15 were used for data
analyses.

For quantification of immunoreactivity (IR) in tissue sections, an area
of interest (AOJ; the entire medulla minus any cell-free areas) was se-
lected, and the mean pixel intensity was calculated. Images were then
background subtracted using AOIs taken from the adrenal cortex, and
7-10 sections from each animal were measured. In each figure, open
circles indicate the mean value from each animal, and black lines link the
littermate control and stressed animals (“matched”) from each indepen-
dent experiment.

When analyzing cells in vitro, images of single chromaffin cells were
taken at the level of the nucleus to maintain a consistent plane of focus
between experiments. The mean pixel intensity was calculated as above,
but background subtraction was not used. In all staining experiments,
slides were blinded until the analysis was complete.

Injection with Y receptor antagonists. Mice received an intraperitoneal in-
jection of BIBP 3226 (1 mg/kg), BIIE 0246 (1 mg/kg), or L152,804 (10 mg/
kg) 15 min before the cold FST. These concentrations are expected to
selectively block Y, Y,, and Y5 receptors (Lundberg and Modin, 1995;
Doods et al., 1996; Pedrazzini et al., 1998; Dumont et al., 2000; Kanatani et
al., 2000; Malmstrom, 2001; Smith-White et al., 2001; Sorensen et al., 2012;
Wang and Whim, 2013). Control animals were injected with the same vol-
ume (200 ul) of sterile saline.

Measurement of corticosterone and catecholamine levels. To quantify
plasma corticosterone levels, 500 ul of blood was collected from the body
cavity of decapitated animals and centrifuged at 1000 X g at 4°C for 15
min. Plasma was collected in 1 mM EDTA-containing tubes and kept at
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mRNA from adrenal medulla. Primers and
PCR protocols were as follows: insulin (241
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Figure 1.

*p < 0,05, **p < 0.01.

—80°C until use. Corticosterone levels were measured using a commer-
cial ELISA kit (Assay Designs). Urine (15-300 ul) was collected from live
animals (by handling or brief housing in a Parafilm-lined cage), and
catecholamine levels were quantified using commercial ELISA kits (RM
Diagnostics and Abnova). Catecholamine measurements from four pairs
of animals with anomalously high basal or stress-evoked levels of cat-
echolamines were excluded (>7 SDs from the adjusted mean). All corti-
costerone and catecholamine samples were measured in duplicate. In
later experiments, epinephrine was normalized to the levels of urine
creatinine, measured using the Jaffe reaction (Cayman Chemicals).

RT-PCR. mRNA was extracted from the adrenal medulla, whole brain,
or pancreatic islets using TRIzol (Invitrogen) following the instructions
of the manufacturer. Samples were treated with DNase as described pre-
viously (Ramamoorthy and Whim, 2008) and then purified using an
RNeasy kit (Qiagen). cDNA from adrenal or whole brain was obtained by
RT of 20 ng of mRNA and used in PCR reactions with primers for NPY
Y,, Y, Y5, and Y receptors, whereas 60 ng of mRNA was used with Y,
primers. Single-cell RT-PCR was performed essentially as described pre-
viously (Whim, 2011) except a touchdown protocol was used. Primers
and PCR protocols were as follows: NPY1 (216 bp), 5'-CGGCGTTCA
AGGACAAGTAT-3" and 5-TGATTCGCTTGGTCTCACTG-3' [an-
nealing melting temperature (Tm) of 55°C, 35 cycles]; NPY2 (233 bp),
5'-TGCCAATCTGGTTAGGGAAG-3" and 5'-GGTGCCAACTCCTTG
TTCTG-3' (annealing Tm of 55°C, 35 cycles); NPY4 (293 bp), 5'-TTGC
AGTTCTCTGGCTACCCCTG-3" and 5'-CTTGCTACCCATCCTCAT
CGA-3' (annealing Tm of 56°C, 35 cycles); NPY5 (111 bp), 5'-CAGATT
AATCCAGCTGTTCTGC-3' and5'-GAAAACAGCCTTTATTTGACAA
TG-3' (annealing Tm of 55°C, 35 cycles); NPY6 (126 bp), 5'-TCACTA
AATAAGACCATCGGGTAG-3" and 5'-GGGAGGTTTACCCTAGGA
AATG-3' (annealing Tm of 55°C, 10 cycles; 53°C, 30 cycles); and NPY
(288 bp), 5'-GCTAGGTAACAAGCGAATGGGG-3" and 5'-CACATG
GAAGGGTCTTCAAGC-3' (annealing Tm of 55°C, 35 cycles). Y,, Y,
and Y, primers were described previously (Klenke et al., 2010).

For single-cell touchdown RT-PCR, the primers were NPY (see above)
and TH: 5'-CCCCACCTGGAGTACTTTGTGC-3' and 5'-TGTGCACT
GAAACACACGGAAG (558 bp). In single-cell experiments, the starting
annealing Tm (60°C) was decreased to 50°C by 1°C per cycle and then an
additional 40 cycles at Tm of 50°C was used. In Figure 8A, cDNA was
obtained by RT of 3 ng of mRNA from pancreatic islets and 7 ng of

The cold FST activates the HPA axis and the adrenal stress response. A, Example of adrenal sections stained for c-Fos;
insets are the regions outlined by the white squares. B, Group data shows that stress increased the number of c-Fos-
immunoreactive cells in the medulla (mean = SEM, n = 3) measured 1 h after the FST. Seven to 10 sections were quantified from
each animal using multiple AOls (white circlesin A). Open circles are the mean value from each animal, and black lines link matched
control and FST animals from each independent experiment. C, Plasma corticosterone levels were elevated when measured 30 min
after the cold FST. D, E, Urine levels of norepinephrine (D) and epinephrine (E) were significantly higher from animals exposed to
the cold FST compared with matched controls. Urine samples were taken 30 —120 min after the cold FST. Open circles indicate the
mean value from each animal, and black lines link the matched control and stressed animals from each independent experiment.

was used for analyzing cumulative fraction
datasets. Because the absolute level of stain-
ing varied between individual experiments,
comparisons were made between paired con-
trol and experimental groups (which were
processed in parallel and generated from lit-
termates in each independent experiment).

Results

An acute stressor leads to a long-lasting
increase in adrenal secretory capacity
Mice were exposed to the cold-water FST
for 5 min, a mixed stressor (Kvetnansky et al., 2009) with cold,
psychological and exercise components, all of which are expected
to lead to activation of the sympathetic—adrenal system (Guidotti
and Costa, 1974; Ulus and Wurtman, 1979; Jefferys and Funder,
1987). This paradigm has also been shown to lead to synaptic
plasticity within the CNS (Saal et al., 2003; Campioni et al., 2009).
To confirm that the FST activated adrenal chromaffin cells, mice
were killed 1 h after exposure, and adrenal sections were stained for
c-Fos, a marker of cellular activity. The number of c-Fos-
immunoreactive cells in the adrenal medulla was higher in stressed
versus control animals (Fig. 1 A, B). Consistent with the activation of
a stress response, the plasma levels of corticosterone and the urinary
levels of the catecholamines were significantly elevated when sam-
pled 30 min to 2 h after the FST (Fig. 1 C—E). Circulating epinephrine
is primarily derived from chromaffin cells in the adrenal medulla,
whereas most norepinephrine is released from postganglionic sym-
pathetic neurons (Kvetnansky et al., 1979).

To determine whether acute stress had any lasting effects on
the function of the adrenal medulla, we next measured the secre-
tion of catecholamines from single chromatffin cells isolated from
control and experimental animals 1 d after the FST. Catechol-
amine secretion was evoked by the application of 100 wM nicotine
and quantified using amperometry (Fig. 2A). The amperometric
events were larger from stressed versus control animals (Fig. 2B),
and the amplitude distribution of amperometric events was
shifted significantly to the right after stress (Fig. 2C). In contrast,
there was no difference in the total number of amperometric
events (1554 = 246 and 1954 = 59, control vs FST, mean = SEM,
n = 3 paired experiments, 22 cells per treatment).

Because chronic cold stress can alter nAChR expression in
chromaffin cells (Colomer et al., 2010), we tested whether the
potentiating effect of the FST was still present when catechol-
amine release was evoked by a method that bypassed nAChR
activation. Chromaffin cells were voltage clamped, and secretion
was elicited by a train of depolarizations (Fig. 3 A, B). Significantly
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Figure 2.  Acute stress leads to a lasting increase in the adrenal secretory capacity. A, Amperometric events evoked by 100 wm nicotine from typical chromaffin cells from control and stressed
animals. Mice were killed 1d after exposure to the FST. B, Average amperometric events from a representative pair of control and experimental cells (control, 170 events; FST, 238 events). C,
Cumulative amplitude distribution of amperometric events from control and stressed mice (control, 4662 events; FST, 5861 events; n = 22 cells per condition). **p < 0.01, Kolmogorov—Smirnov

test.

higher levels of release were found from cells from stressed ani-
mals as shown by the rightward shift in the cumulative amplitude
distribution (Fig. 3C). A plot of the cube root of the amperomet-
ric charge (Q'?) from both control and experimental animals
was skewed and best described with the sum of two Gaussian
distributions (Fig. 3D). This is consistent with the presence of two
populations of dense core granules in mouse chromaffin cells, in
agreement with previous studies (Grabner et al., 2005). Subtract-
ing the amperometric charge curves confirmed that the distribu-
tion from the stressed animals was right-shifted compared with
the controls, as expected if stress did indeed lead to an increase in
secretion (Fig. 3D, FST - Control). In contrast, there was no
significant difference in the total number of amperometric events
or the amplitude of the depolarization-evoked calcium current
between control and stressed animals (Fig. 3E,F). Because an
increase in secretion could be attributable to a change in the
probability of dense core granule fusion, we assessed release
probability in two ways. In the first, the normalized cumula-
tive release curves between stressed and control animals during
the train of 200 depolarizations were compared. The two curves
were very similar (Fig. 3G), and the near-linear time versus secre-
tion relationship implies that, once release was triggered, it pro-
ceeded at a constant rate with no significant depletion. The only
distinctive feature we observed was a slight increase in release rate
during the first 10 depolarizations that was seen in the FST cells
(Fig. 3G). In the second, we examined whether stress altered the
temporal coupling between each depolarization and release.
However, the cumulative release curves were very similar in cells
from control and stressed mice (Fig. 3H). By plotting the frac-
tional release during each sweep, it was evident that the timing
of release was also not different in cells from control and
stressed animals. The release rate was uniformly low at —80
mV but rose during the depolarizing step and decayed with an
identical time course (Fig. 3I).

These experiments indicate that acute stress leads to a lasting
increase in evoked quantal catecholamine secretion, and the ef-
fectis mediated at a point downstream from AChR activation and
calcium entry. Because there was no significant change in event
number or release probability, this suggests that stress leads to an
increase in quantal size rather than quantal content (i.e., each
granule contains more catecholamines after stress). However,
these changes did not alter circulating catecholamines because,
1 d after the FST, the urinary levels of catecholamines were not
different between control and stressed animals (Fig. 3]). Thus,
stress does not lead to a lasting change in the basal sympathetic

tone. Instead, it selectively alters the sympathetic secretory capac-
ity. We next examined whether the electrophysiological changes
were associated with altered adrenal responsiveness in vivo. We
found that the levels of urine epinephrine were significantly
higher in mice exposed to two episodes of the FST (given on
consecutive days) compared with mice exposed to a single episode of
stress (FST-FST, 167.5 * 25.8 vs non-stressed control-FST, 83.5 *
11.6 ng epinephrine/mg urine creatinine, mean = SEM, n = 3,p =
0.028, paired ¢ test). This result (Fig. 3K) indicates that acute stress
can lead to a long-lasting plasticity in adrenal function in vivo and is
consistent with the electrophysiological and biochemical changes
(see below) that occur after the FST.

Acute stress increases the activity of the
catecholamine-synthetic pathway

Although acute stress evokes the fight-or-flight response and sig-
nificant catecholamine secretion, the releasable stores of hor-
mone are evidently not depleted. In fact, the rightward shift in the
cumulative amperometric amplitude distribution suggests that
the stores become “overfilled.” What is the mechanism underly-
ing this effect? TH, the rate limiting enzyme for catecholamine
synthesis, is upregulated by multiple stress paradigms (Chuang
and Costa, 1974; Mormede et al., 1990; Nankova et al., 1994;
Vietor et al., 1996; Levenson and Moore, 1998) and is a possible
mediator. We next quantified the levels of TH-IR in adrenal sec-
tions from stressed animals and matched controls. As expected,
TH-IR was limited to the adrenal medulla (Fig. 44). One day after
exposure to the FST, the levels of TH-IR were significantly ele-
vated in the stressed animals (Fig. 4A). This effect was reversible
because, 1 week later, the levels of TH-IR had declined back al-
most to the control values (Fig. 4A, B).

To determine whether stress regulated the expression of other
enzymes in the catecholamine biosynthetic pathway, we also
quantified the levels of PNMT, the enzyme required for the
conversion of norepinephrine to epinephrine. Because PNMT
is expressed in a subset of chromaffin cells (Henion and Lan-
dis, 1990), we quantified PNMT-IR in chromaffin cells that
were fixed within 2 h after isolation from control and stressed
mice (Fig. 4C). The intensity distribution of PNMT-IR was
bimodal (Fig. 4D), and stress also led to a significant increase
in PNMT-IR (Fig. 4E).

NPY inhibits the expression of adrenal TH
What signaling pathways are responsible for regulating the ex-
pression of TH? We reasoned that, because the increase in TH
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Figure3. Stress-induced plasticity is mediated postsynaptically at a site that is downstream from nAChR activation. A, Amperometric events evoked by a 5 Hz train of 200 voltage-clamp depolarizations from
chromaffin cells from control and stressed mice. B, Excerpts from the regions indicated by the gray bars in A, showing the response to five depolarizing steps. Top trace, Amperometric electrode. Bottom trace, /..
C, Cumulative amplitude distribution of amperometric events from control and stressed animals (control, 1151 events; FST, 1696 events; n = 17 cells per condition). D, Cube root of event charge (from data in
() fitted with two Gaussian distributions (solid lines). The relative residual distribution is the difference between the FST and control histograms. E, F, Number of amperometric events (E) and amplitude of
voltage-dependent calcium current (F) from control and experimental cells (mean == SEM, n = 3 paired experiments, 5—6 cells per treatment in each experiment). G, Normalized plot of the number of
amperometric secretory events occurring during a train of 200 voltage-clamp depolarizations. The right is an expansion of the cumulative release curve from the first 10 depolarizations and indicates that
proportionally higher levels of secretion occur early in the depolarizing train in chromaffin cells from the mice exposed to the FST. Ctrl, Control. H, Time of occurrence of the amperometric release events relative
to each depolarizing voltage-clamp step. Each depolarization (indicated by the gray bar) was a 20 ms voltage step from —80 to 0 mV repeated 200 times at 5 Hz. /, Plot of the time of occurrence of the
amperometric events indicates that the FST does not change the probability of release (quantified as the fraction of total events occurring during T ms time bins; mean == SD, n = 3 separate experiments, 5—6
cells per treatment per experiment). Data in G-/ are from the cells shown in C. J, Urine norepinephrine and epinephrine were not significantly different between control animals and those exposed to the
FSTwhen measured 1d after exposure to stress. K, Urine epinephrine values were significantly elevated in mice exposed twice to the FST on consecutive days compared with a single exposure. Epinephrine was
measured during a 60 min window after the final FST. Thus, the FST leads to a long-lasting increase in secretory capacity but does not alter the sympathetic tone. *p << 0.05, **p << 0.01; ns, not significant.

expression was activity dependent, a molecule that was cose-  1990) and can be coreleased with the catecholamines (Whim,
creted with the catecholamines would be an efficient way to cou- ~ 2006). Previous studies have examined whether NPY can regulate
ple adrenal activity to secretory capacity. One possibility is NPY,  TH expression in chromaffin cells, but the results have been con-
which is synthesized in the adrenal medulla (Henion and Landis,  tradictory, showing an increase, decrease, or no effect (Erdem et
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al., 2002; Cavadas et al., 2006; Luke and A Control
Hexum, 2008). To investigate thisissuein ~ |JH¥ES
vivo, we exposed NPY knock-out mice to
the FST.

In these animals, a stress-induced in-
crease in TH-IR in the adrenal medulla
was still present (Fig. 4F,H; 17 = 8% in-
crease, mean = SEM, n = 3). However, it C
was smaller than that induced in pair-
matched wild-type animals (Fig. 4F,G;
94 * 14% increase, mean = SEM, n = 3).

We noted that the level of TH-IR in the
unstressed NPY knock-out animals was
elevated compared with the unstressed
wild-type animals (compare the left, top,
and bottom panels in Fig. 4F). Although a
quantitative comparison between wild-
type and NPY knock-out animals was not F
possible because the latter were main-
tained on a mixed background, it sug-
gested that loss of NPY had removed a
tonic inhibitory influence on TH expres-
sion. If this was correct, then the effect of
stress on secretory capacity should be re-
duced in the NPY knock-out animals.

We tested this prediction by measuring
the evoked release of the catecholamines
from control and stressed NPY knock-out
animals (Fig. 5A). The cumulative ampli-
tude distribution of amperometric events
was indeed not different in the two condi-
tions (Fig. 5B). Subtraction of the charge
distribution from control and stressed an-
imals confirmed that the stress effect was
not present in the NPY knock-out mice
(Fig. 5C). There was also no difference in
the amperometric event amplitude (Fig.
5D), the number of events, or the amplitude of the
depolarization-evoked calcium current between cells from con-
trol and stressed NPY knock-out mice (Fig. 5E). Finally, we also
measured the release probability using the same two approaches
described above for the wild-type animals. There was no differ-
ence in the normalized cumulative release curves between
stressed and control knock-out animals during the train of 200
depolarizations (Fig. 5F). Curiously, the change in release rate
that was seen during the first 10 depolarizations in the wild-type
cells was not present in the control cells that lacked NPY (com-
pare the right panels in Figs. 3G, 5F ). There was also no difference
in the temporal coupling between each depolarizing step and
release between control and stressed NPY knock-out animals
(Fig. 5G,H). Thus, the loss of NPY specifically prevented the
stress-induced change in secretory capacity. Cumulatively, these
results indicate that NPY (1) regulates TH expression and (2) can
modulate the long-lasting increase in catecholamine secretion
that is induced by acute stress. In the next series of experiments,
we examined which Y receptors were involved in mediating this
effect.

TH-ir

Control

FST

Figure4.

Multiple subtypes of NPY receptors are expressed in the
adrenal medulla, but only Y, receptors regulate the

expression of TH

Of the five cloned Y receptors, RT-PCR indicated the presence of
Y, Y5, Y, and Ys mRNAs in the adrenal medulla (Fig. 64). Y, was
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Acute stress leads to a lasting increase in the adrenal expression of enzymes in the catecholamine synthetic pathway.
A, TH-IRin adrenal sections from a control animal and 1d and 1 week after exposure to the FST. Scale bar, 100 pem. B, Group data
(mean = SEM, n = 3) shows that the stress-induced increase in TH-IR in the adrenal medulla that was evident 1 d after the FST had
declined toward basal levels by 1 week. €, Examples of PNMT-IR in chromaffin cells from a control animal and 1 d after exposure to
the FST. Scale bars, 10 um. D, Frequency histograms of the levels of PNMT-IR in chromaffin cells from matched control and stressed
animals (211 cells for each distribution, n = 3 separate experiments). The histograms were each fitted with two Gaussian
distributions (green lines). E, Cumulative frequency distributions showing that the FST led to a significant increase in the levels of
PNMT-IR (211 cells for each distribution; Kolmogorov—Smirnov test). F, TH-IR in adrenal sections from control (wild-type or NPY
knock-out) mice and 1 d after exposure to the FST. Scale bars, 100 m. G, In wild-type mice, the FST increased the level of TH-IR
compared with matched controls. H, The FSTsignificantly increased the level of TH-IR in the NPY knock-out (k/0) animals, but the
increase was smaller than that seen in the wild-type animals. *p << 0.05, **p << 0.01.

not detected, although it was present in CNS, which was used as a
positive control (Fig. 6A). The Y, receptor is preferentially acti-
vated by pancreatic peptide, whereas Y,, Y,, and Y5 can be acti-
vated by NPY and a related peptide, PYY (Michel et al., 1998).

To test which Y receptors were involved in regulating the ex-
pression of TH in vivo and to avoid possible developmental com-
pensation that may have occurred in the NPY knock-out mice,
antagonists of Y, Y,, and Y receptors were injected intraperito-
neally 15 min before the FST and animals were killed 1 d later.
Control animals received vehicle or antagonist. These experi-
ments showed that BIBP 3226, a selective antagonist of the Y,
receptor that is not thought to cross the blood—brain barrier
(Doods et al., 1996), had two effects. First, the levels of TH-IR
were significantly higher in the BIBP 3226-injected animals com-
pared with those injected with saline (Fig. 6B). This suggests that
NPY tonically inhibits TH expression. It is also consistent with
the phenotype observed in Y; knock-out mice (Cavadas et al.,
2006) and with the high level of TH expression in the NPY knock-
out animals (Fig. 4F-H). Second, in the stressed animals, the
levels of TH-IR were higher in the BIBP 3226-injected animals
(Fig. 6C). Because Y;-IR has been localized to chromaffin cells
(Matsuda et al., 2002), the receptors that mediate the inhibition
of TH are likely to be those expressed by chromaftfin cells.

The involvement of additional Y receptors was investigated by
injecting BIIE 0246 and L152,804, antagonists of the Y, and Y,
receptors, respectively (Doods et al., 1999; Kanatani et al., 2000).
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Figure 5.  Loss of NPY eliminates the stress-induced increase in adrenal catecholamine secretion. A, Amperometric events evoked by a 5 Hz train of 200 voltage-clamp depolarizations from
chromaffin cells from NPY knock-out (k/o) control and stressed mice. Right panel are excerpts from the regions indicated by the gray bars showing the response to five depolarizing steps. Top trace,
Amperometric electrode. Bottom trace, /c,. B, Cumulative amplitude distribution of amperometric events from control and stressed NPY knock-out animals (control, 2113 events; FST, 2281 events;
n =18 cells per condition). €, Cube root of event charge (from data in B) fit with two Gaussian distributions. D, Average amperometric events from a representative pair of control and experimental
cells (control, 43 events; FST, 144 events). E, Secretory event number and amplitude of voltage-dependent calcium current from control and experimental cells (mean = SEM, n = 3 paired
experiments, 6 cells per treatment in each experiment). F, Normalized plot of the number of amperometric secretory events occurring during a train of 200 voltage-clamp depolarizations. The right
panelis an expansion of the cumulative release curve from thefirst 10 depolarizations. Compare this with the equivalent region of the cumulative release curve from wild-type animals (Fig. 3G). Cntl,
Control. G, Time of occurrence of the amperometric release events relative to each depolarizing voltage-clamp step. Each depolarization (indicated by the gray bar) was a 20 ms voltage step from
—80to0mV repeated 200 times at 5 Hz. H, Plot of the time of occurrence of the amperometric eventsindicates that the FST does not change the probability of release in mice lacking NPY (quantified
as the fraction of total events that occur during 1 ms time bins, mean == SD, n = 3 separate experiments, 6 cells per treatment per experiment). Data in F—H are from cells shown in B. ns, Not

significant.

In contrast to BIBP 3226, these blockers did not alter the basal
levels of TH-IR (Fig. 6B) or the levels in the stressed animals (Fig.
6C). This indicates that NPY selectively inhibits the basal expres-
sion of TH via Y, receptors and that Y, and Y5 receptors are not
involved. The lack of an effect of the Y, and Y5 blockers was
probably not attributable to a subthreshold dose of antagonist
because we find that the same BIIE 0246 treatment elevates adre-
nal NPY expression, implicating a Y,-mediated regulation of
peptide expression (Wang and Whim, 2013), and L152,804 at the
concentration used can prevent a Ys;-dependent modulation of
behavioral hyperactivity (Sorensen et al., 2012). We could not
determine whether Y receptors also regulated the stress-induced
change in TH because the FST did not increase TH-IR in the
saline-injected animals (compare raw control and FST values in
Fig. 6 B,C). This is probably because injection per se is stressful
and can alter TH expression as shown previously (Okimoto et al.,

2002). We next tested whether the BIBP 3226-induced increase in
TH expression was associated with a change in catecholamine
release in vivo. There was no significant difference in urine epi-
nephrine levels after the FST in mice that had previously been
injected with saline or BIBP 3226 (saline—FST, 118.2 = 39.8 vs
BIBP 3226—FST, 87.4 = 12.8 ng epinephrine/mg urine creatinine
measured during a 2 h window after the FST, mean = SEM, n =
3, p = 0.59, paired ¢ test). However, these levels were elevated
compared with their respective controls, which were measured
from the same animals 3 d after the FST (10.8 = 2.6 vs 9.6 = 1.5,
mean * SEM, n = 3). This could indicate that the stress-induced
change in adrenal responsiveness in vivo is TH independent or
that Y, receptors regulate multiple components of the stress
response. However, amperometry experiments show there is a
change in catecholamine secretory capacity after BIBP 3226 in-
jection (see below), which suggests that the difference may be
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attributable to the intrinsic sensitivities of
the two types of techniques (which is
likely higher for electrophysiology).

The data so far indicated that blocking
Y, receptors with BIBP 3226 injection in-
creased TH expression and genetic loss of
NPY eliminated the FST-induced increase
in catecholamine secretory capacity. If a
common mechanism underlies these ef-
fects, treatment with BIBP 3226 should
prevent the ability of the FST to alter
catecholamine secretory capacity (i.e.,
should mimic the NPY knock-out pheno-
type). To test this idea, we quantified
the depolarization-evoked amperometric
events in control and stressed mice after
BIBP 3226 injection (Fig. 7A). The cumu-
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perometric events or the size of the
depolarization-evoked calcium current af-
ter the FST (Fig. 7C). These results mimic
the effects seen in the NPY knock-outs.
Although the effect of the FST was lost
in the BIBP 3226-injected mice, we con-
sidered the possibility that this was attrib-
utable to the stress of the intraperitoneal
injection occluding the effect of the FST
(rather than an effect of BIBP 3226).
However, we found that the FST still led to

TH-ir (intensity units)

. . . . . <
a significant increase in secretory capacity %,,'}Q& ,bqjg”
when we compared control mice that had E

been injected with saline versus litter-
mates that were injected with saline and
then exposed to the FST (Fig. 7D,E).
There was no difference in the total num-
ber of events or the amplitude of
depolarization-evoked calcium current
between control and stressed animals
(Fig. 7F ). These results are consistent with
idea that NPY release and Y, activation
regulate the long-lasting change in the ad-
renal response to stress.

Figure6.

NPY is widely expressed in the adrenal medulla, but related Y
family peptides are absent

What is the source of NPY that regulates the adrenal expression of
TH? Because chromaffin cells synthesize NPY (Henion and Lan-
dis, 1990), the adrenal itself is a likely candidate. However, it is
not clear what proportion of chromaffin cells synthesize NPY and
whether the related peptides, PP and PYY, are also present. This is
important because PP and PYY can activate the same receptors as
NPY (Michel et al., 1998), and some NPY antibodies cross-react
with both of these peptides (Whim, 2011).

To address this issue, we used a range of approaches. First,
RT-PCR experiments indicated the presence of NPY mRNA in
the adrenal medulla, whereas PP and PYY were absent (Fig. 84,
left). Because pancreatic islets contain PP and PYY (Myrsén-
Axcrona et al., 1997), these were used as a positive control (Fig.
8A, right). Single-cell RT-PCR was then used to confirm that
individual chromaffin cells contained NPY (and TH) mRNA

Y, receptors tonically suppress TH expression in the adrenal medulla. A, RT-PCR of Y receptor expression in the adrenal
medulla and CNS (positive control) of wild-type mice. Amplicons indicate the presence of mRNAs encoding Y,, Y,, Y,, and Yg
receptors and NPY in the adrenal medulla (Ad. med; results are tabulated on the right). The negative control (RT—) contained NPY
primers but lacked reverse transcriptase. B, TH-IR in adrenal sections from saline-injected control mice or after injection with Y;, Y,,
or Y5 antagonists. Group data shows that BIBP 3226 (a Y, antagonist) significantly increased the basal level of TH-IR. Group data
shows mean = SEM, n = 3 independent experiments (710 sections from each animal). €, TH-IR in adrenal sections from mice
exposed to the FST and injected with either saline or Y;, Y,, or Y, antagonists. Group data shows that only BIBP 3226 significantly
increased the level of TH-IR. Group data shows mean = SEM, n = 3 independent experiments (7—10 sections from each animal).
Scale bars, 100 m. *p << 0.05.

(Fig. 8B). Second, we found that all chromaffin cells in vitro were
NPY-immunoreactive (Fig. 8C, left). The staining arose from
authentic NPY because it was absent from NPY knock-out mice
(Fig. 8C, right). As expected, all of the NPY-immunoreactive cells
also costained with an antibody to TH, consistent with the coex-
pression of NPY and the catecholamines in chromaffin cells (Fig.
8D). Although previous studies have indicated that only a subset
of chromaffin cells in rats are NPY immunoreactive (Henion and
Landis, 1990), all the TH-immunoreactive cells in these adrenal
cultures were stained, suggesting that, in mice, NPY is ubiqui-
tously expressed. In these experiments, we also observed sparsely
distributed NPY-immunoreactive fibers with en passsant bou-
tons in the adrenal capsule as described previously (Maubert et
al., 1993). Third, to examine the distribution of NPY in situ, we
used an NPY(GFP) BAC transgenic mouse. In these animals,
there was strong somatic GFP expression in the adrenal medulla
but none in the adrenal cortex. The expression of GFP matched
the distribution of NPY-IR both in situ and in vitro (Fig. 8E).
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Figure 7.

Y, receptors regulate the stress-induced change in adrenal secretory capacity. A, Example of amperometric events evoked by a 5 Hz train of 200 voltage-clamp depolarizations from

chromaffin cells from BIBP 3226-injected control and stressed mice. B, Cumulative amplitude distribution of amperometric events from control (Ctrl) and stressed BIBP 3226-injected wild-type
animals (control, 1867 events; FST, 2223 events; n = 20 cells per condition). , Secretory event number and amplitude of voltage-dependent calcium current from BIBP 3226-injected control and
experimental animals (mean = SEM, n = 3 paired experiments, 6 -7 cells per treatment in each experiment). D, The same protocol as in A was used to evoke amperometric events from chromaffin
cells from saline-injected control and stressed animals. E, Cumulative amplitude distribution of amperometric events shows a significant rightward shift from saline-injected, stressed animals
(control, 1809 events; FST, 2040 events; n = 20 cells per condition). *p << 0.01. F, Secretory event number and amplitude of voltage-dependent calcium current from saline-injected control and
experimental animals (mean = SEM, n = 3 paired experiments, 6 7 cells per treatment in each experiment).

Finally, adrenal GFP expression in the NPY(GFP) mice colocal-
ized with TH-IR in vitro and in situ (Fig. 8F).

These experiments indicate that authentic NPY is expressed
throughout the adrenal medulla and is present in all chromaffin
cells (Wang and Whim, 2013). The source of NPY that regulates
the expression of TH and the stress-induced, long-term change in
catecholamine secretion is therefore likely to involve the adrenal
chromaftfin cells.

Discussion

Stress elicits a characteristic hormonal and neuronal response
involving an activation of the HPA axis and increased sympa-
thetic activity (the fight-or-flight response). Because these path-
ways are not under conscious control, they are often viewed as
simple reflexes. However, the HPA axis can show habituation and
sensitization and thus exhibits plasticity (Ma and Lightman,
1998; Figueiredo et al., 2003). Here, we investigated whether the
brief exposure to a stressful event can lead to a maintained change
in the functioning of the sympathetic nervous system, the other
limb of the stress response.

The FST led to a significant increase in urine catecholamine
levels, a commonly used measure of sympathetic activity (Gau-
tam et al., 2006; Obst et al., 2006; Mathar et al., 2010). The rise in
urine epinephrine and the increase in adrenal c-Fos-IR con-
firmed that this paradigm evoked a stress response that involved
the chromatffin cells in the adrenal medulla. Thus, it seems rea-
sonable to anticipate that the adrenal catecholamine stores must
be subsequently replenished. Unexpectedly, however, we found
that acute stress did not lead to a simple refilling of the stores but
actually produced a sustained increase in the catecholamine se-
cretory capacity measured both in vivo and in vitro. This is a form

of long-term plasticity and presumably gives the system an in-
creased ability to respond to a repeated challenge. As noted pre-
viously (Kvetnansky et al., 2009), the organism may not know
whether a stressor will recur and therefore the elevated secretory
capacity that we observed is probably as an adaptive response.

The nature of this adrenal plasticity was selective. A depolar-
izing train evoked more secretion from chromaffin cells from
stressed mice, but there was no change in the number of ampero-
metric events or the release probability. This is consistent with the
idea that acute stress led to an increase in the amount of cat-
echolamines packaged into each dense core granule rather than
an increase in the number of granules. Although modulation of
release capacity can involve a change in the number of vesicles in
the releasable pool (Stevens and Sullivan, 1998; Sakaba and Ne-
her, 2001; Zhao and Klein, 2002), previous studies have shown
that the amount of transmitter contained within a dense core
granule can also be regulated (Colliver et al., 2000; Montesinos et
al., 2008). An increase in granular catecholamines could be me-
diated via a number of mechanisms, including a change in cate-
cholamine synthesis, granule loading, or granule size (Meligeni et
al., 1982; Bruns et al., 2000; Tabares et al., 2001). However, the
activity-induced increase that we observed in the level of TH is
consistent with altered synthesis playing a role.

How acute stress resulting from exposure to the FST leads to
an increase in TH expression is not known. Using a variety of
approaches, we found that NPY is an adrenal cotransmitter that is
synthesized by all chromaffin cells and functions as a negative
regulator of TH expression and catecholamine secretion. First,
genetic loss of NPY eliminates the ability of acute stress to induce
a long-lasting increase in catecholamine release. Second, inhibi-
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tion of Y, receptors, possibly those located
within the medulla, leads to an increase in
TH expression. Although the NPY that me-
diates these effects is likely to have been re-
leased from the neuroendocrine chromaffin
cells, the adrenal medulla also contains a
population of type I neurons that are
NPY-IR (Holgert et al.,, 1996). Other pe-
ripheral sources include sympathetic post-
ganglionic neurons that synthesize this
peptide (Lundberg et al., 1983) and contrib-
ute to the plasma levels of NPY. It is also
possible that central pathways could be in-
volved. For example, NPY-synthesizing
neurons in the arcuate nucleus have been
shown to regulate sympathetic output via a
Y,-mediated inhibition of TH expression in
the paraventricular nucleus (Shi et al,
2013).

Curiously, although multiple subtypes
of Y receptors are present in the adrenal
and all Y subtypes are G;/,-protein cou-
pled and inhibit cAMP production (Mi-
chel et al., 1998), only Y, receptors are
involved in the peptidergic regulation of
TH. Because NPY is a suppressor of adre-
nal signaling, it is theoretically possible
that the stress-induced increase in catechol-
amine secretion and TH expression is actu-
ally mediated by an activity-dependent
decrease in NPY release. However, it is more
likely that the inhibitory effect of NPY is re-
duced by the actions of an antagonistic sig-
nal (presently unknown), leading to an
overall facilitation of adrenal secretion and
synthesis. Nevertheless, the release of NPY
as an autocrine modulator clearly plays a
significant role in regulating adrenal func-
tion. Although we did not investigate the in-
ducing signal, it probably does not require
crosstalk between the HPA axis and the
sympathetic nervous system because a
restraint stress-induced increase in TH
expression is present in corticotrophin-
releasing hormone knock-out mice and is
not prevented by hypophysectomy (Nan-
kova et al., 1994; Kvetnansky et al., 2008).
Although splanchnic nerve transection has
shown that synaptic input to the chromaffin
cells is also not needed for an increase in TH
mRNA levels in response to a single 2 h im-
mobilization (Nankova et al., 1994), the in-
crease in TH expression that is induced in
response to a 6 h immobilization or insulin-
induced hypoglycemia is substantially re-
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Figure 8.  Adrenal chromaffin cells from wild-type and NPY(GFP) transgenic mice synthesize NPY and TH. A, RT-PCR shows the

presence of NPY mRNA in the adrenal medulla, whereas PP and PYY are absent (left). Pancreatic islets were used as a positive
control for PP and PYY expression. The negative control (RT—) contained insulin primers but lacked reverse transcriptase (right).
B, Single-cell RT-PCR confirmed that individual chromaffin cells contain NPY and TH mRNAs. €, Examples of NPY-IR in chromaffin
cells from wild-type mice (left). No NPY-IR is observed in chromaffin cells from NPY knock-out mice (right), confirming that the
staining is specific. Insets are bright-field images. Scale bars, 5 um. D, Cells from the adrenal medulla of wild-type mice are NPY
and TH immunoreactive, confirming that NPY is expressed in the catecholaminergic chromaffin cells. Scale bars, 10 wm. E, In
adrenal sections from NPY(GFP) BAC mice the GFP signal overlaps with NPY-IR. Thus, GFP is located in the chromaffin cells. Insets,
Chromaffin cells in vitro from NPY(GFP) mice. Scale bars: 100 pm; inset, 10 um. F, Colocalization of TH-IR and GFP fluorescence in
adrenal sections from NPY(GFP) mice. Insets, Chromaffin cells in vitro. Thus, the GFP-expressing cells are catecholaminergic
chromaffin cells. Scale bars: 100 wm; inset, 10 wm. G, Working model of the experimental results. After the FST, adrenal expres-
sion of TH and catecholamine secretory capacity is increased (shown as a change in the concentration of catecholamines in each
dense core granule). For simplicity, the catecholamines and NPY are shown as colocalized [some granules are thought to contain
both transmitters (Whim, 2006)]. NPY secretion activates Y, receptors mediating an autocrine tonic inhibitory influence on TH
expression. In the mouse adrenal gland, Y, receptors are postsynaptic (Cavadas et al., 2006). Although NPY release inhibits TH
expression, the net effect of acute stress is an increase in TH expression and an increase in the catecholamine secretory capacity. This
suggests that the role of adrenal NPY over the medium to long term is to limit a stress-induced increase in adrenal output.

duced in pituitary adenylate cyclase-activating polypeptide
(PACAP) knock-out mice (Hamelink et al., 2002; Stroth and Fiden,
2010). Because PACAP is a peptidergic cotransmitter in the pregan-
glionic neurons that innervate chromaffin cells (Hamelink et al.,
2002), this suggests that PACAP may also be involved in the induc-
tion of the acute stress response (although probably not in its main-
tenance because this is a postsynaptic effect). Finally, although we
did not investigate the underlying molecular mechanism, it is likely

to be transcriptionally mediated because actinomycin D prevents the
increase in TH activity that is evoked in response both to swimming
stress and immobilization (Otten et al., 1973; Nankova et al., 1994).
Using an NPY(GEFP) reporter mouse line, we find that the FST also
leads to an increase in adrenal NPY expression by a mechanism that
appears to involve an increase in transcription (Wang and Whim,
2013).



Wang, Wang et al.  Stress and Long-Term Autonomic Plasticity

Our results show that acute stress can lead to a long-term
change in sympathetic capacity. Thus, both hormonal and neu-
ronal limbs of the stress response exhibit plasticity (Kuzmiski et
al., 2010; Wamsteeker and Bains, 2010). Activity-dependent and
lasting changes in cellular signaling are characteristic features of
the nervous system (Johansen et al., 2011; Liischer and Malenka,
2011; Spitzer, 2012), but experience-dependent plasticity has also
been described in the endocrine system (Hodson et al., 2012).
Although the change in hormonal secretory capacity that we ob-
served was triggered by a single brief stress exposure, this effect
may be mechanistically related to other forms of adrenal mem-
ory. For example, repeated exposure to restraint stress leads to
persistently elevated levels of TH (Nankova et al., 1994), and
intermittent hypoxic exposure over several days is associated with
an increase in catecholamine secretion (Kuri et al., 2007; Souvan-
nakitti et al., 2009, 2010). In the latter case, when the exposure is
confined to the neonatal stage, the effects can last well into adult-
hood (Nanduri et al., 2012).

What might be the functional consequences of the type of
sympathetic plasticity we have described? The catecholamine
hormones potently control many physiological parameters. A
typical response to adrenal epinephrine release includes an in-
crease in the plasma levels of glucose and elevated blood pressure
(Bao et al., 2007; Verberne and Sartor, 2010). Thus, increased
catecholamine synthesis may be beneficial as a short-term re-
sponse to stress. However, over longer periods, this modulation
could be maladaptive particularly if it leads to a chronic elevation
in circulating catecholamines. Our results suggest that NPY plays
an inhibitory role in adrenal signaling because disrupting NPY
signaling with a Y, antagonist or genetic removal of NPY lead to
increased TH expression and eliminates the stress-induced in-
crease in catecholamine secretory capacity. This might explain
the somewhat paradoxical observation that, for stress to increase
TH expression, it must override the apparently tonic inhibitory
influence of NPY. However an adrenal-specific deletion of NPY
will be required to determine whether acute stress alters catechol-
amine secretion in vivo by antagonizing a local effect of NPY. Our
hypothesis is that adrenal NPY is part of an inhibitory feedback
loop that prevents a pathological increase in TH levels (and thus
epinephrine release) during the aftermath of the fight-or-flight
response (Fig. 8G). In this way, it plays an analogous role to the
inhibitory feedback actions of cortisol in the HPA axis (Di et al.,
2003). Curiously, NPY is also involved in the suppression of the
hypothalamic—pituitary—thyroid axis that occurs during the re-
sponse to starvation (Vella et al., 2011), perhaps indicating a
similar inhibitory role in other stress-activated pathways. Be-
cause metabolic and cardiovascular disorders are associated with
altered sympathetic activity (Jacobs et al., 1997; Campanucci et
al., 2010), it will of interest to determine whether these involve
the same type of NPY-dependent synaptic plasticity we describe
here.
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